Abstract The tarantula skeletal muscle X-ray diffraction pattern suggested that the myosin heads were helically arranged on the thick filaments. Electron microscopy (EM) of negatively stained relaxed tarantula thick filaments revealed four helices of heads allowing a helical 3D reconstruction. Due to its low resolution (5.0 nm), the unambiguous interpretation of densities of both heads was not possible. A resolution increase up to 2.5 nm, achieved by cryo-EM of frozen-hydrated relaxed thick filaments and an iterative helical real space reconstruction, allowed the resolving of both heads. The two heads, Bfree^and Bblocked^, formed an asymmetric structure named the Binteracting-heads motif^(IHM) which explained relaxation by self-inhibition of both heads ATPases. This finding made tarantula an exemplar system for thick filament structure and function studies. Heads were shown to be released and disordered by Ca 2+ -activation through myosin regulatory light chain phosphorylation, leading to EM, small angle X-ray diffraction and scattering, and spectroscopic and biochemical studies of the IHM structure and function. The results from these studies have consequent implications for understanding and explaining myosin super-relaxed state and thick filament activation and regulation. A cooperative phosphorylation mechanism for activation in tarantula skeletal muscle, involving swaying constitutively Ser35 mono-phosphorylated free heads, explains super-relaxation, force potentiation and posttetanic potentiation through Ser45 mono-phosphorylated blocked heads. Based on this mechanism, we propose a swaying-swinging, tilting crossbridge-sliding filament for tarantula muscle contraction.
Introduction
Our understanding of how muscle contraction occurs, the sliding filament model, is based on two pioneering works (Huxley and Niedergerke 1954; Huxley and Hanson 1954) showing that on contraction the sarcomere shortens by the sliding of two protein filament sets, the thin and thick filaments (see Hitchcock-DeGregori and Irving 2014) . A need to understand this model boosted the studies of thin actin-containing and thick myosin-containing filaments. These studies showed that sliding of both filaments was due to heads protruding from thick filaments interacting with thin filaments (see Huxley 2004a, b) .
The work of Hugh Huxley in 1963 on isolated thick filaments from rabbit and chicken skeletal muscle by electron microscopy (EM) (Huxley 1963) , using an improved negative staining method (Huxley and Zubay 1960) , led to his bipolar thick filament model in which the myosin molecules were arranged with their tails packed antiparallel on both sides of a central bare zone forming a straight backbone with heads protruding on its surface (Fig. 1a) . Four years later, Huxley reported low-angle X-ray diffraction patterns of frog skeletal muscle showing that heads formed helices with a 14.3-nm separation between Bcrowns^of two or more heads and a 42.9-nm helical repeat (Fig. 1b) (Huxley and Brown 1967) . This model inspired Huxley's seminal ideas on the mechanism of muscular contraction, which he called the swinging, tilting crossbridge-sliding filament mechanism (Huxley 1969 (Huxley , 2004b and started the analysis of thick filament structure and function (reviewed by Squire 1975 Squire , 1981 Squire , 1986 Squire , 2009 Barral and Epstein 1999; Craig and Padrón 2004; Squire et al. 2005; Hooper and Thuma 2005; Craig and Woodhead 2006; Hooper et al. 2008; AL-Khayat 2013; Vandenboom 2017) .
Seminal work on the structure of thick filaments was achieved by John Squire who proposed a general model for the arrangement of heads on the thick filament (Squire 1971 (Squire , 1972 (Squire , 1975 and models for the packing of myosin tails in the filament backbone as the curved molecular crystal model and the subfilament model (Squire 1973; Chew and Squire 1995) . Pioneering work carried out by John Wray provided X-ray diffraction evidences on the helical structure of thick filaments from invertebrate muscles (Wray et al. 1975 ) and myosin tails packing on subfilaments (Wray 1979) , suggesting these subfilaments should be tilted along the filaments axis, except in the horseshoe crab Limulus polyphemus (Arthropoda, Merostomata) and the tarantula Brachypelma sp. (Arthropoda, Arachnida) in which they should run parallel as shown by a characteristic on-equator reflection at 1/4 nm −1 seen in the tarantula X-ray diffraction pattern (Wray 1979 (Wray , 1982 .
Further advances in thick filament structure came about by the use of a higher resolution EM technique, cryo-EM, which allows observation of rapidly frozen specimens in their native intact state (Fernández-Morán 1965 , 1966 Glaeser 1974, 1976 ) (reviewed by Padrón 1999 Padrón , 2001 . Kenneth Taylor and coworkers observed by cryo-EM that the two heads of the myosin heavy meromyosin (HMM) in 2D crystals from chicken smooth muscle make an asymmetric arrangement and suggested how the relaxed (switched OFF) state was achieved (Wendt et al. 1999 (Wendt et al. , 2001 Liu et al. 2003 ). Taylor and coworkers called the two heads blocked and free heads (Wendt et al. 2001) . Soon after, cryo-EM allowed observation of both heads together with its sub-fragment 2 (S2)-missing in the 2D crystals-in tarantula Aphonopelma sp. relaxed striated muscle native thick filament, suggesting that this Binteracting-headŝ tructure may underlie the relaxed state of thick filaments in both smooth and striated muscles over a wide range of species (Woodhead et al. 2005) . This single molecular entity found in tarantula thick filaments was called the myosin interactingheads motif (IHM) (Alamo et al. 2008 ) and its consequences on structure and function are the focus of this review. We review the IHM evolution and its implications on disease in Alamo et al. (2017a) .
The myosin II molecule is one of the several members of the myosin superfamily (Coluccio 2008) , and is composed by two myosin II heavy chains (MHCIIs), two essential light chains (ELCs) and two regulatory light chains (RLCs) (Sellers 1999; Coluccio 2008 ). The C-terminus end of the two MHCII coiled-coils forms the myosin tail with the Nterminus extremes arranged on two globular heads, to which a pair of light chains (ELC and RLC) are bound.
Why tarantula muscle?
In spite of diffraction patterns of relaxed muscle that showed heads helically ordered in thick filaments in the sarcomere (Fig. 1b) (Huxley and Brown 1967) , electron micrographs of negatively stained thick filaments from relaxed muscle showed that the heads instead were fully disordered (Huxley 1963) , probably due to the EM preparative steps. Further diffraction studies by Wray reported a helical order on several invertebrate muscles (Wray et al. 1975; Wray 1979) . In 1981, Wray suggested, based on his unpublished patterns ( Fig. 2a) , that Brachypelma sp. tarantula muscle thick filaments showed evidence of a very well ordered array of heads helices, suggesting tarantula as an ideal specimen for EM. Compared to the rabbit and frog patterns (Huxley and Padrón 1984; Egelman and Padrón 1984) , tarantula muscles gave a very detailed pattern, indicating a high degree of helical heads order (Wray 1982) . It was 19 years after the first skeletal muscle thick filament electron micrographs that the pioneer EM work by Robert Kensler Huxley (1963) and Huxley and Brown (1967) and the Journal of Molecular Biology and Rhea Levine finally succeeded preserving the heads helical order on negatively stained thick filaments from Limulus muscles (Levine et al. 1982) , leading to the first published 3D reconstruction of a thick filament (Stewart et al. 1981) .
The pattern of demembranated tarantula relaxed muscle showed six layer lines spaced 1/43.5 nm −1 with two meridian reflections at 1/14.5 nm −1 and 1/7.25 nm −1 (Fig. 2a) , indicating the presence of heads in a perfect helical arrangement, organized with a helical repeat of 43.5 nm, exactly three times the axial spacing of 14.5 nm (Wray 1982) . These patterns supported the idea that tarantula has an exceptional helically ordered thick filament. In addition, the tarantula middle-angle pattern showed prominent equatorial reflections at 1/4.3 nm −1 (Fig. 2b) , suggesting a more clearly visible subfilament structure than in Limulus. All these hints corroborated that the tarantula thick filaments were an excellent specimen to be studied by negative staining and EM as we soon confirmed (Craig and Padrón 1982) . Brachypelma sp. muscle thick filaments are very long (4-5 μm) with a centrally located bare zone 20 nm in diameter and 210 nm long, with heads protruding radially up to 32 nm ( Fig. 2c ) (Crowther et al. 1985) . Unidirectionally platinum shadowing showed prominent right-handed helices on these thick filaments ( Fig. 2d ) (Crowther et al. 1985) . Negatively stained thick filaments appeared helically ordered ( Fig. 2c) , showing oblique tracks at 43.5 nm and transverse banding with a spacing of 14.5 nm corresponding to the repeating levels of heads from four helices ( Fig.  2c ) (Crowther et al. 1985) , (Fig. 2f ) (Craig et al. 1987) . Thick filaments, analyzed by optical diffraction, showed six layer lines that mimicked closely the X-ray pattern layer lines. Thick Crowther et al. (1985) and the Journal of Molecular Biology, (e) reproduced with permission from Woodhead et al. (2005) and Nature, (f) and (g) reproduced with permission from Craig et al. (1987) and the Journal of Cell Biology filaments exhibited longitudinal striations with~4 nm side-toside spacing (Fig. 3a) (Craig and Padrón 1982) consistent with Wray's tarantula subfilament model (Fig. 3f) (Wray 1979 (Wray , 1982 . A helical 3D reconstruction of these filaments calculated from low electron dose electron micrographs exhibited four helical densities ( Fig. 4a1) (Crowther et al. 1985) . The thick filaments from tarantulas Eurypelma sp. (Levine et al. 1982 (Levine et al. , 1983 and Aphonopelma sp. (Hidalgo et al. 2001b, d) were found to be composed mostly by myosin and paramyosin (PM) molecules. This protein composition has simplified the understanding of their structure by X-ray diffraction and EM. In contrast, vertebrate skeletal and cardiac muscle thick filaments lack PM but have other accessory proteins as myosin binding protein C (MyBP-C) and titin.
Lesson I: the IHM arrived unexpectedly
The search for the arrangement of heads in the tarantula thick filament
In 2005, Squire conceptualized four Classes of configurations for myosin heads organization on the relaxed thick filament surface according to how the head-tohead interactions stabilized the helical structures in resting muscle: in Class I, the two heads of one myosin molecule might interact with each other in a parallel fashion; in Class II the two heads might separate laterally and interact with a head from an adjacent myosin molecule in the same crown; in Class III the two heads might separate in an antiparallel or splayed way with heads of successive crowns making interactions between them; and in Class IV the heads do not interact with each other at all (Squire et al. 2005; Squire 2009 ).
Negative staining EM did not resolve both heads in 3D reconstructions of tarantula thick filament The first helical 3D-reconstruction of tarantula thick filaments (Fig. 4a1) reached a 5.0-nm resolution (Crowther et al. 1985) . Following the proposal of John Haselgrove, based on X-ray diffraction analysis, the 3D map densities were interpreted as repeated features containing two equally sized domains springing from a common region on the backbone which looks very much like the individual myosin molecules images seen in shadowed preparations (Fig. 4b1) (Elliott and Offer 1978) or in negatively stained filaments with extended heads (Knight and Trinick 1984) . This suggested that the heads were pointing in opposite directions along the thick filament axis (Haselgrove 1980; Levine et al. 1982) . Using improved techniques, the 5.0-nm resolution thick filament 3D map was enhanced (Padrón et al. 1995 (Padrón et al. , 1998 Offer et al. 2000) (Fig. 4a2-4 ). Once the atomic structure of the myosin head sub-fragment 1 (S1) PDB MYS1 was reported (Rayment et al. 1993) (Fig.   4b2 ), the 2D shape and 3D envolvent fittings using heads pointing to opposite directions was attempted (Padrón et al. 1995 (Padrón et al. , 1998 (Fig. 4c2, 3) . The availability of a two-head model including the head-tail junction for the myosin molecule ( Fig. 4b3) (Offer and Knight 1996) allowed fitting it to the 3D reconstruction densities (Offer et al. 2000) (Fig. 4c4) . These four initial fitting attempts (Fig. 4c1-4) were ambiguous since at a 5-nm resolution the fitting did not allowed resolving the densities of both heads which were assumed to be identical. The suggested arrangement, in which the heads between adjacent crowns interacts between them along the long-pitched helices, is called the BClass III^model (Squire et al. 2005; Squire 2009 ). Therefore, by the year 2000, the tarantula thick filaments were thought to be of Class III although a higher resolution than 5.0 nm was required for an unambiguous fitting.
Negative staining EM did not resolve both heads in thick filament 3D reconstructions of other species Similar interpretations were suggested from other arthropods negatively stained thick filament 3D reconstructions such as Limulus (Stewart et al. 1981 Levine et al. 1982) and scorpion Vejovis spinigera (Arachnida) Stewart et al. 1985) , and from the thick filament 3D reconstruction of the abductor muscle in the scallop Placopecten magellanicus (Mollusca) (Vibert and Craig 1983) . The number of helices in the thick filaments was found to be either 3 in vertebrates (frog, Kensler and Stewart 1983; rabbit, Kensler and Stewart 1993) , 4 in arthropods (Limulus, (Stewart et al. 1981; tarantula, Crowther et al. 1985; Padrón et al. 1993a; and scorpion, Stewart et al. 1985) or 7 in mollusks (scallop, Vibert and Craig 1983; Craig et al. 1991) . Other EM studies on negatively stained thick filaments have been reported for invertebrates such as the indirect flight muscle (IFM) of the giant water bug Lethocerus indicus (Insecta) (Clarke et al. 1986; Morris et al. 1991) , as well as for skeletal muscle in several vertebrates such as goldfish Carassius auratus (Kensler and Stewart 1989; Eakins et al. 2002) , frog Rana pipiens Stewart and Kensler 1986) , chicken (Kensler and Woodhead 1995) and rabbit (Kensler and Stewart 1993) . However, none of these studies achieved enough resolution to resolve both heads in the thick filaments 3D reconstruction. Therefore, by the year 2000, all the invertebrate and vertebrate thick filaments studied were thought to be of Class III (Squire et al. 2005) .
Cryo-EM studies finally allowed resolving both heads
To increase 3D reconstruction resolution to resolve both heads, attempts were carried out to capture thick filament structure by low-temperature methods as rapid freezing using liquid helium and nitrogen cryogens and freeze substitution (Fernández-Morán 1960) , modified for muscle studies . Rapidly frozen, freeze-substituted muscle of tarantula Avicularia avicularia allowed the observing of helices of heads directly in thick filaments in the sarcomere ) and the calculating of helical 3D reconstruction in situ (Padrón et al. 1995) . Rapidly frozen frog sartorius muscle slammed against a copper block cooled by liquid helium ) allowed the observation of head helices and MyBP-C (Luther et al. 2008 (Luther et al. , 2011 . It was concluded that with low-temperature techniques it was possible to preserve the thick filament helically ordered structure as seen on diffraction patterns (Fig. 2a) . The next step to increase the resolution was to avoid freezesubstitution by direct rapid plunge-freeze copper grids containing a thin layer of filament homogenate to obtain a very thin layer of frozen-hydrated relaxed helically ordered filaments. Grids, kept in liquid nitrogen, were transferred to a liquid nitrogen cryo-holder and inserted in a liquid nitrogen cryo-electron microscope for recording electron micrographs at low electron dose. The first electron micrographs of frozenhydrated helically ordered thick filaments were achieved in Lethocerus IFM by Menetret et al. (1988) and later in scallop (Vibert 1992) . Nevertheless, achieving helically ordered tarantula thick filaments was very difficult as the concentration of thin filaments in the filament homogenate was very high. Therefore, devising an appropriate purification procedure, using gelsolin to disrupt the thin filaments, was needed to produce a purified preparation of native tarantula Aphonopelma thick filaments (Hidalgo et al. 2001c ). This allowed the recording of the first electron micrographs of frozen-hydrated tarantula helically ordered thick filaments ( Fig. 2e ) and to calculate its helical 3D reconstruction by 2003. Regrettably, it was not possible to separate the overlapping Bessel functions on the layer lines as required to calculate a helical 3D recontruction which was possible for the more highly contrasted negatively stained specimens (Crowther et al. 1985) . Apart from successful cryo-EM of intact near (Fig. 4a5) showing 12 density tubes interpreted as~4-nm subfilaments (red circle). e Density projection (contrast reversed: protein white) of this repeat showing an annulus of 12 white features interpreted as Bsubfilaments^(red circles). The inset shows a projection of an unsymmetrized reconstruction with features similar to subfilaments at a similar radius, in spite of being much noisier. Twelve subfilaments model (red circle) containing three tails (yellow) (f) based on Wray (1979) and (g) curved molecular crystal model based on Squire (1973) for the tarantula thick filament, both with 36 tails. (b), (d) and (e) reproduced with permission from Woodhead et al. (2005) and Nature, inset in (e) personal communication from Dr. Roger Craig in vivo isolated frozen-hydrated helically ordered tarantula thick filaments (Fig. 2e) , the essential remaining step was to calculate the 3D recontruction by using the robust iterative helical real space reconstruction (IHRSR) algorithm based on single-particle methods developed 3 years earlier (Egelman 2000) instead of helical 3D reconstruction. This last crucial step finally allowed the calculation of three similar IHRSR 3D maps by mid-2004, at last achieving enough resolution (2.5 nm) to finally resolve both heads unambiguously ( Fig. 4a5) (Woodhead et al. 2005 ).
The myosin interacting-heads motif (IHM)
The arrangement of both heads on the tarantula striated muscle thick filament ( Fig. 4a5) (Woodhead et al. 2005) unexpectedly showed the asymmetric densities found in vertebrate smooth muscle by Taylor and coworkers ( Fig. 4b4 ) (Wendt et al. 1999 (Wendt et al. , 2001 Liu et al. 2003) . Resolving the tube density joining the two heads densities was the critical step to interpret the two heads densities ( Fig. 4a5) (Woodhead et al. 2005) . Roger Craig interpreted the asymmetric densities of the frozen-hydrated 3D reconstruction ( Fig. 4a5) as shown in Fig.  4c5 , by properly repositioning the S2 in the asymmetric model for chicken smooth muscle HMM 2D crystals proposed by Taylor and coworkers ( Fig. 4b4 versus b5 ) (Wendt et al. 1999 (Wendt et al. , 2001 Liu et al. 2003) . The motif unambiguously fitted the 2.5-nm tarantula thick filament 3D reconstruction densities, including the S2 density tube (Fig. 4c5) (Woodhead et al. 2005) which was missing in the 2D crystal densities. This Fig. 4 For the elucidation of the tarantula thick filament structure three requisites were needed to be fulfilled: a a better resolution of 3D reconstructions from negatively stained isolated filaments (a1-4 resolution 5.0 nm) or frozen-hydrated (a5 2.5 nm, a6 2.0 nm and a7 1.3 nm) with enhanced 3D reconstruction and visualization techniques (HR helical reconstruction, IHRSR iterative helical real space reconstruction), b the myosin head structure (b2) (PDB MYS1) and improved two-heads (b3-7) models and (c) fitting approaches ranging from eye-fitting (c1), 2D fitting (c2), envelope 3D fitting (c3), density rigid 3D fitting (c4, 5) and flexible 3D fitting (c6, 7). The unambiguous interpretation that lead to the myosin interacting-heads motif (IHM) (Woodhead et al. 2005 ) (a5, red circle) in the relaxed tarantula thick filament, belonging to the Class I proposed by Squire et al. (2005) and Squire (2009) , required a resolution higher that 2.5 nm achieved by the IHRSR technique, frozen-hydrated specimens (a5) and an asymmetric head-pair model (b4) (Wendt et al. 2001 ), but with the S2 properly positioned (b5). In retrospect, the motif (red circles) was present and could be picked out on the 5-nm resolution 3D maps using the right density cutoffs (yellow circles). Bare zone is at the top here as well as in Figs. 6, 8, 9 , and 10. Myosin sub-fragment 1 (S1), sub-fragment 2 (S2), free head (FH), blocked head (BH). The following images were reproduced with permission as follows: a1, c1 Crowther et al. (1985) and the Journal of Molecular Biology, a2, c2 Padrón et al. (1995) and the Journal of Structural Biology, c4 Offer et al. (2000) and the Journal of Molecular Biology, a5, b5, c5 Woodhead et al. (2005) and Nature, and c7 Alamo et al. (2016) and the Journal of Molecular Biology entity was later named the myosin interacting-heads motif (IHM) (Alamo et al. 2008) . For an account of how the IHM structure was achieved see Padrón (2013) .
In contrast to all previous EM studies, the two heads arrangement was of the Class I proposed by Squire (Squire et al. 2005; Squire 2009 ) and not of Class III as previously thought for all species. A further increase on resolution up to 2.0 nm was quickly achieved by improving the IHRSR 3D reconstruction method (Fig. 4a6) (Alamo et al. 2008 ). This 2.0-nm 3D reconstruction showed an additional density in the myosin RLC region due to the much larger tarantula RLC N-terminal extension (NTE) mass (Aphonopelma sp. 5671.4 Da). Then, a hybrid IHM model was built (PDB 3DTP) (Fig. 4b6 ) that fitted better this 3D-reconstruction (Alamo et al. 2008) . The model included the smooth muscle chicken S1 PDB 1I84 model (Liu et al. 2003) , the human cardiac S2 crystal structure PDB 2XFM (Blankenfeldt et al. 2006 ) and a homologous RLC structure using the tarantula A. avicularia RLC sequence (GenBank EU090070) and its predicted NTE secondary structure. A single species homologous tarantula myosin IHM (PDB 3JBH) (Fig. 4b7 ) built using the tarantula Aphonopelma sp. MHCII (KT619079) (Alamo et al. 2016) , ELC and RLC (KT390185 and KT390186) (Zhu et al. 2009 ) sequences fitted to the 2.0-nm 3D reconstruction was recently reported (Fig. 4c7) (Alamo et al. 2016) . A higher resolution (1.3 nm) has been achieved for the frozen-hydrated tarantula thick filament by improvements on the preparation of the filaments and the use of electron detectors (Fig. 4a7) (Yang et al. 2015a, b) . Small-angle X-ray solution scattering (SAXS) studies of isolated squid HMM (Loligo peaelii), conducted in both the absence and presence of the regulatory cation Ca 2+ , showed a clear distinction between a compact Boff^state and an extended Bon^state. The pair distance distribution function (PDDF) derived from the SAXS data for squid HMM goes from being unimodal in the Ca 2+ -free Boff^state to bimodal in the Ca 2+ -bound Bon^state. This result implies a Ca 2+ -mediated transformation from a compact state to an extended state in which some domains have become spatially separated (Gillilan et al. 2013 ). In addition, the computed scattering profiles for 3DTP and 3JBH models (Fig. 5a) closely agree with the measured scattering profile of squid HMM in Ca 2+ -free (EGTA) conditions (Alamo et al. 2016) . These results strongly inferred the IHM presence on squid and strengthened the evidence for an evolutionary ancient compact off state (Gillilan et al. 2013 ).
The search for the arrangement of myosin tails in the tarantula thick filament backbone
The frozen-hydrated 3D map showed 12~4-nm tubular densities parallel to the filament axis ( Fig. 3d) (Woodhead et al. 2005) , interpreted as if each tube contained more than one 2-nm tails forming 12 subfilaments (Woodhead et al. 2005) . The projected density of a 43.5-nm repeat confirmed this interpretation (Fig. 3e ) (Woodhead et al. 2005) . It was also consistent with parallel striations to the axis observed in Brachypelma sp. negatively stained thick filaments (Fig. 3a) (Craig and Padrón 1982; Levine et al. 1983; Crowther et al. 1985) and Aphonopelma sp. frozen-hydrated thick filaments (Fig. 3b) (Woodhead et al. 2005) , as well as with backbone features observed in ultrathin sections of muscle from other tarantulas such as Eurypelma sp. (Levine et al. 1983 ) and A. avicularia (Fig.  3c ) and with A. avicularia thick filament fraying in four features only near the filament tips (Padrón et al. 1993b ) (cf. 3 subfilaments all along the vertebrate thick filaments (Maw and Rowe 1980) . This evidence and the~1/4-nm −1 equatorial reflection ( Fig. 2b) suggested that, in tarantula thick filament, possibly three tails pack together on a subfilament, and that 12 subfilaments form the backbone outer part (Figs. 3b, 6a, gray). (Gillilan et al. 2013) . Integrated scattering intensity (I in arbitrary units) is given as a function of momentum transfer, q = 4π sin(θ)/λ, with a scattering angle of 2θ and a wavelength of λ. b Relative deviation between squid HMM experimental data and PDB 3JBH (green dots) is calculated as (I model -I exp )/I exp . The corresponding difference in scattering between PDB 3DTP and PDB 3JBH models is also shown on the same scale (red dashed line). Comparison shows that the models cannot be distinguished based on currently available scattering data. c Further calculations of PDB 3DTP and PDB 3JBH show that the scattering of the two models is nearly identical at wide angles. SAXS and error calculation described in Alamo et al. (2017b) Twelve tubes are seen in Limulus, Tityus and Schistosoma fourstranded filament 3D reconstructions, while 21 or 9 subfilaments are expected in the seven-stranded or three-stranded scallop and cardiac muscle as proposed by Wray's subfilament model ( Fig.  3f ) (Wray 1979) . Nevertheless, the recent near-atomic (0.55 nm) resolution achieved for the Lethocerus IFM frozen-hydrated thick filament of Hu et al. (2016) with sufficient resolution in the region of the backbone where the myosin tails pack, enabled the tracking of the myosin tail α-helices, showing unambiguously for the first time that the tails pack in a layer molecular crystal arrangement proposed 44 years ago by Squire (1973) (Fig. 3g) . Additional near-atomic cryo-EM studies should reveal if tails in the backbone of tarantula thick filaments are packed on 12 subfilaments as proposed by Wray (1979) and as supported by evidence in Fig. 3a -e or if it is as in Lethocerus.
The search for the arrangement of PM rods in the tarantula thick filament backbone
The tarantula thick filament contains PM (Aphonopelma GenBank KT692662), an accessory protein present only on invertebrate muscles. The PM to myosin (M) heavy chain ratio (PM/M) in tarantula muscle is 0.31-0.37 (Levine et al. 1983; Hidalgo et al. 2001b) . PM molecules are thought to occupy the core of most invertebrate filaments serving as scaffolding for supporting the myosin tails above it on very long filaments (Fig. 6a, orange) . The tarantula myosin and PM heavy chain sequences (Aphonopelma GenBank KT619079 and KT692662, respectively), the PM/M ratio and the measurement by quantitative scanning transmission electron microscopy (STEM) of the mass/length M/L ratio of isolated tarantula thick filaments in the bare zone (M/L~99 kDa/nm) and the heads region (M/L~174 kDa/nm) (Hidalgo et al. 2001b, d ) are important constrains that will help solving the tarantula and Lethocerus PM core substructure by further near-atomic or atomic resolution cryo-EM studies (cf. Hu et al. 2016) .
Future search for IHM on thick filament and HMM by EM and SAXS studies
Further EM studies using methods to isolate and visualize relaxed native thick filaments (Craig 2012) should take into account the bound nucleotide state (Clarke et al. 1986; Craig and Padrón 1989) , the pre-power stroke state head conformation (Zoghbi et al. 2004; Llinas et al. 2015) and the blebbistatin stabilizing effect . IHM detection in only one half of a single thick filament in the tarantula Gramostola rosea using electron tomography could be a quick alternative EM approach for IHM detection (Márquez et al. 2014) .
Solving the IHM near atomic and the HMM atomic structures
Crystallization of squid HMM suggests that its atomic structure should eventually be solved ). However as a HMM crystal includes only one IHM, the atomic structure of the intermolecular IHM-IHM and IHM-backbone interactions cannot be achieved by crystallography unless a twointeracting HMMs crystal could be crystallized, similar to the 3JBH model (cf. Fig. 6a ). Achieving a near-atomic resolution HMM structure by near-atomic cryo-EM should be possible by single particle averaging of frozen-hydrated HMMs (Yang et al. 2017 ). However, frozen-hydrated interacting HMM dimers should be required to achieve near atomic information of the IHM-IHM intermolecular interactions. In consequence, the only way IHM-IHM and IHM-backbone intermolecular near-atomic information could be simultaneously achieved is by obtaining the near-atomic resolution IHM structure in situ actually forming IHM-IHM helices and IHM-backbone interactions on frozenhydrated thick filaments. However achieving the near-atomic resolution IHM structure on frozen-hydrated thick filaments seems to be a difficult task on view that only~2-nm resolution has been achieved on the heads region of the 0.55-nm near-atomic resolution Lethocerus 3D map . This is probably a consequence of the intrinsic flexibility of the IHM paired heads arrangement (Yang et al. 2015a ) especially of the free swaying heads as explained below (Brito et al. 2011; Sulbarán et al. 2013 ). Interestingly, it has been recently reported that a lack of negative charge in S2 may explain why Lethocerus thick filaments display an IHM perpendicular to the filament axis, rather than a parallel one as seen in tarantula (Fee et al. 2017) . In retrospect, both head densities resolved in frozenhydrated 3D reconstructions (Fig. 4a5-7 , red circles) were also present in negatively stained ones (Fig. 4a1-4 , yellow circles) as in fact can be seen with a higher density cutoff (cf. Fig. 4a4 ) (Padrón and Alamo 2004) . The lack of a clearly resolved head-tail junction density in 3D reconstructions together with the wrong assumption that both heads were identical and symmetric structures pointing oppositely delayed 20 years the right interpretation of negatively stained 3D reconstructions in tarantula and other species. The unambiguous IHM presence seen in the negatively stained scorpion thick filament (Pinto et al. 2012) clearly demonstrated that resolving both heads was indeed possible without cryo-EM. So the lesson was finally painfully learned: assigning a Class III model to the tarantula thick filament was a mistake caused by interpretations that were beyond the 3D map resolutions, as these filaments were in fact Class I as envisioned by Squire et al. (2005) .
It took 42 years from Huxley proposing his thick filament model (Fig. 1a) (Huxley 1963) to start achieving an understandable quasi-atomic-level of it (Woodhead et al. 2005) . Tarantula muscle X-ray diffraction and EM studies were crucial for it. Diffraction studies suggested that tarantula should provide the best ordered thick filaments for EM studies (Fig.  2a) . Improvements on isolation, EM and 3D reconstruction of invertebrate thick filaments (Craig 2012 ) and on preservation of the heads helical arrangement by rapid freezing (Padrón and Alamo 2004 ) allowed tarantula filament native preservation in relaxed conditions. Recording of low electron dose micrographs by cryo-EM together with the IHRSR method (Egelman 2000) led to a 3D reconstruction with enough resolution to resolve both heads and S2 disclosing the tarantula IHM quasi-atomic structure.
Lesson II: the IHM at work: the two myosin II heads work better in cooperation Soon after the helical arrangement of heads was detected in the relaxed state (i.e. Mg.ATP presence, low [Ca 2+ ]) in tarantula muscle by X-ray diffraction (Fig. 2a) and by EM on negatively stained thick filaments (Fig. 2c ,d) , it was shown by EM that RLC phosphorylation induced loss of heads helical order (Fig. 2g vs. f) (Craig et al. 1987 ) and by equatorial X-ray diffraction patterns that heads moved out by~6 nm (Pante et al. 1986; Sosa et al. 1986 Sosa et al. , 1988 Panté et al. 1988; Padrón et al. 1991) . The RLC phosphorylation status was assessed by urea/glycerol polyacrylamide gel electrophoresis (PAGE) suggesting that two different RLCs were present and that both could be phosphorylated potentiating contraction (Craig et al. 1987) . However, further studies showed that the phosphorylation mechanism included only a single RLC that can be mono-or biphosphorylated (Hidalgo et al. 2001a ). This evidence triggered interest on understanding the basis of the IHM relaxed state and how both heads move away and disorder upon RLC phosphorylation on thick filament activation.
The earlier tarantula IHM 3DTP quasi-atomic model IHM structure imposes different heads environments explaining heads ordered release on activation The 3DTP model has both IHM heads asymmetrically arranged; so their RLC phosphorylatable serines, Ser35 and Ser45, were not similarly exposed to its specific kinases, protein kinase C (PKC) and myosin light chain kinase (MLCK) (Alamo et al. 2008; Brito et al. 2011) (Fig. 7a) . These differences preset the order in which these heads are released on phosphorylation and activation. The free head, which has the appropriate conformation and is properly located, is released first so that it can interact with actin in the thin filament; followed by the blocked head, if required (Alamo et al. 2008 ).
RLC phosphorylation controls heads release explaining Ca

2+
-controlled activation mechanism The Ser35 of free heads are constitutively phosphorylated by PKC while Ser45 can be phosphorylated by MLCK and dephosphorylated by myosin light chain phosphatase (MLCP) (Fig.  7a) . (Brito et al. 2011; Sulbarán et al. 2013 ). In the relaxed state, the blocked head is immobilized as it is docked onto its S2 and neighbor myosin tail, whereas the free head is docked to the blocked head and allowed to sway away (Fig. 7b) . This makes the free head capable of interacting with Ca 2+ -activated thin filaments (Fig .   Fig. 7 Functional implications of the tarantula asymmetric IHM 3DTP model on the relaxation and activation of thick filaments. a The IHM asymmetric structure 3DTP (inset) produces different environments for the myosin regulatory light chain (RLC) NTEs of the free (blue) and blocked (green) heads containing phosphorylatable Ser35 and Ser45. This enables the MLCK to access only the serines of the free head. b The constitutively mono-phosphorylated Ser35 on the free heads are ready to interact with the Ca 2+ -switched on thin filament through the free head swaying mechanism involving the formation and disruption of intramolecular stabilizing interactions (magenta bars) between the swaying free head and the blocked head and interconnecting intermolecular interactions (Fig. 9b) . The un-phosphorylated blocked head is docked onto its own S2 by priming intramolecular interactions (green bars) and with its neighbor myosin tail with anchoring intermolecular interactions (orange bars) (Alamo et al. 2016) . c Tarantula thin filament is Ca 2+ -activated according to the steric model of muscle contraction (Huxley 1973) shown by tropomyosin (TM) movements (c4) on thin filament 3D-reconstructions in relaxed (c1, TM strands, red), activating (c2, yellow) and rigor (c3, green). d Model for activation (d1-d2), potentiation (d2-d3), post-tetanic potentiation (d3-d5) and relaxation (d2-d1 and d4-d1) for tarantula striated muscle dual thin and thick filaments regulation. (Fig.  7d1,2 ). When [Ca 2+ ] remains long enough above the threshol d M LCK is activated by Ca 2 + , biphosphorylating the constitutively Ser35 monophosphorylated free heads and mono-phosphorylating the blocked heads recruiting them to permit force potentiation on unfused or fuse tetani (Fig. 7d3) explaining posttetanic potentiation (Fig. 7d3-5) (Ranke 1865) . So the working in cooperation of the two heads in myosin II working in cooperation is crucial to allow these specialized physiological responses of skeletal muscle to sustain relaxation and control the force produced during contraction. This model for activation, potentiation and postetanic potentiation (Brito et al. 2011; Sulbarán et al. 2013 ) explains its cooperativity so it was called the cooperative phosphorylation-activation (CPA) mechanism (Sulbarán et al. 2013 ).
The latest tarantula IHM 3JBH quasi-atomic model
The improved tarantula 3JBH model (Fig. 6a) was fitted to the 2.0-nm frozen-hydrated Aphonopelma sp. 3D map and is formed by two adjacent IHMs (Alamo et al. 2016 ) so it includes their interconnecting intermolecular interactions. Tails (Fig. 6c) pack together (Fig. 6a, gray) around a central PM core (Fig. 6a, orange) forming the backbone with IHMs (blue) protruding on four helices (Fig. 6b) . The close agreement between the latest 3JBH quasi-atomic model (Alamo et al. 2016 ) and the experimental squid HMM SAXS data (Fig. 5) strengthens its value as a utilizable IHM model. The layer- . c Effect on the LL1 profile of a small shift (green: +0.5 nm, cyan: +1.0 nm) in the radial position of the IHM. This suggests that in intact relaxed tarantula muscle heads are organized as in the pseudo-filament model (Fig. 6d) with IHMs protruding~2 nm above the backbone. Fourier transforms F 1 on the l-th layer line of the heads were calculated according to the formula F 1 (R,ψ) = Σ n G nl (R) exp (−inψ) (Vainstein 1963) where the Fourier-Bessel structural factor G nl is G nl (R) = Σ j f j J n (2πRr j ) exp(i[n(π/2 -φ j ) + 2π z j l/c]), f j is the structural factor of j-th amino acid (number of electrons); r j , ψ j , z j are polar coordinates of C α atom of j-th amino acid (cylindrical coordinates r, ψ, z where the z-axis coincides with the axis of the thick filament); J n is the n th order Bessel function of the first kind; R, ψ are the radial and azimuthal coordinates in the reciprocal space; and c = 3 × 145 Å = 435 Å is the axial size of the unit cell. Layer line intensities were calculated as the azimuthally averaged square of the Fourier transform (Vainstein 1963) as I l = Σ n | F nl | 2 with -NB < n < NB, NB = 20. X-ray diffraction patterns in (a) kindly provided by Dr. John Wray lines intensities LL1-6 calculated from the pseudo-filament model (Fig. 6d ) match well the intensity profiles of the tarantula muscle X-ray diffraction pattern layer lines (Fig. 8) . This suggests that in intact relaxed tarantula muscle, heads are organized as in the pseudo-filament model (Fig. 6d) with IHMs protruding~2 nm above the backbone.
Interactions form IHMs and their helical tracks in the relaxed state
Model 3JBH (Figs. 6a, 9a) improves the earlier 3DTP model since it is built using only Aphonopelma sp. sequences instead of sequences from three species. In addition to three loops (loop 1, loop 2 and loop near ATP pocket V) missing in 3DTP, 3JBH includes all myosin loops (loop H, CM loop, loop 3, C loop and I loop) involved on five intramolecular interactions Ba^, Bd^, Be^, Bf^and Bg^ (Fig. 9b) and five intermolecular interactions Bb^, Bc^, Bh^, Bi^and Bj^ (Fig. 9c, d ) as well as the S2, SH3, catalytic, relay, and converter (Alamo et al. 2016 ). In the relaxed state, S2 of the IHM emerges from the bare zone side with a slight angle of~6°(i.e. approximately parallel to filament axis), causing IHMs helices to Bfloat^, separated from the surface by~2 nm (Fig. 9d) . The blocked head is the only part of the IHM that is in contact with the backbone and is covalently connected to it via the S2 and electrostatically connected by the three Banchoring^intermolecular interactions: Bh^, Biâ nd Bj^with the neighboring S2 (Fig. 9c) .
The IHM is a dynamic structure exhibiting four key functions not displayed by single myosin heads As a consequence of the heads asymmetry, the IHM exhibits four distinctive functions not observed in isolated S1 myosin fragments:
Self-inhibition of both heads ATPases The intrinsic asymmetric structure of the IHM suggested a simple mechanism to explain relaxation by switching off the two heads in different ways as proposed by Taylor and coworkers (Wendt et al. 1999; Woodhead et al. 2005 ). In addition, 3JBH model explains the reduced ATPase activity in blocked heads and intermittently in free heads (Fig. 7b, d1, 2) (Alamo et al. 2016 ).
Swaying heads capability The mobility of the free head, that sways back and forth by Brownian motion through breaking and restoring stabilizing IHM interactions make it a dynamic structure (Fig. 7b, d1, 2) : the free heads Ser35 readily accessible to PKC (Fig. 7a) are the only heads constitutively phosphorylated. Constitutively, Ser35 mono-phosphorylated free heads-which amount up to a half of the thick filament heads-are less strongly bound to the thick filament backbone and may oscillate occasionally between attached and detached states (Bswaying^heads; Fig. 7b, d1, 2) . Several lines of evidence support the existence of swaying heads. First, the presence of a central diffuse scattering disk circularly symmetrical in the low-angle X-ray diffraction patterns from relaxed and non-overlap rigor skeletal muscles behaving as solution scattering and that comes predominantly from myosin heads, in contrast to full-overlap rigor in which this disk is compressed diagonally, indicating that heads have a bent shape and preferred orientation consistent with a 45°angle of attachment to actin (Poulsen and Lowy 1983; Huxley and Padrón 1984) . This suggests that in relaxed skeletal muscle two head populations are simultaneously present: one helically ordered and one disordered (i.e. swaying heads). Second, on activation, the heads are released by RLC phosphorylation and disordered around the backbone surface (Fig. 2g) (Craig et al. 1987; Padrón et al. 1991) , a necessary step towards the interactions of these released heads with the thin filament on contraction. Third, negatively stained turkey smooth muscle myosin shows flexible free heads, detaching from their partner blocked heads and S2 adopting different motor domain orientations (Burgess et al. 2007 ). Fourth, the greater mobility for the free head than for the blocked head is also revealed by the lower density of the free head than for the blocked head in the 3D reconstructions (Pinto et al. 2012; Yang et al. 2015a) . Free heads are the only movable parts of the relaxed tarantula thick filament (Brito et al. 2011; Alamo et al. 2016) (Fig. 9d) as they have fewer intra-and inter-molecular interactions than the blocked heads (Alamo et al. 2008 (Alamo et al. , 2016 . This is supported by the result that the free heads are the ones that collapse onto the backbone while the blocked head already rests on it (Pinto et al. 2012) . A comparison of negative stain and frozenhydrated tarantula thick filament 3D reconstructions (Fig.  4a4 vs. a5) shows that free heads protrude above the backbone surface in relaxing native conditions (Fig. 4a5) collapsing by moving~3 nm closer to the backbone following negative staining and drying (Fig. 4a4) . This shows that free heads are movable by this EM procedure (Craig 2012) , whilst the blocked heads are much less movable (Pinto et al. 2012) . The center of mass radius (~14.7 nm) of the IHMs determined from the 3rd meridian layer line in the low-angle X-ray diffraction pattern of relaxed tarantula striated muscle (LL3 in Fig. 8b ) is similar to the one calculated for the Fourier transform of the frozen-hydrated thick filament (~15.2 nm) but larger than for the negatively stained one (~12.6 nm). The importance of this intrinsic flexibility has been discussed by concluding it limits the 3D reconstruction resolution (Yang et al. 2015a) . Fifth, in vitro motility assays have shown that rabbit F-actin filaments slides at 4 μm/s along relaxed isolated thick filaments of tarantula A. avicularia striated muscle (Brito et al. 2011; Sulbarán et al. 2013 ); direct Ca 2+ -binding on ELC (i.e. scallop muscle) promotes heads release from the filament surface in milliseconds (Zhao and Craig 2003a, b) . Sixth, it has been found that the small fraction of constitutively ON motors (i.e. swaying heads) allows the muscle to respond immediately to Ca 2+ -activation when the external load is low (cf. Figs. 7d1, 2, 10d, 11b) (Linari et al. 2015) . Seventh, X-ray diffraction of rabbit skeletal muscle suggests that RLC phosphorylation move heads away from thick towards thin filaments (Yamaguchi et al. 2016 ) confirming tarantula equatorial X-ray diffraction results . Eighth, spectroscopic studies of the super-relaxed state of skeletal muscle supports the putative RLC-RLC interface identified by cryo-EM showing that both the divalent cation bound to RLC and the RLC NTE play a role in the stability of the superrelaxed state (Nogara et al. 2016) . And ninth, other experimental evidence supports the presence of swaying heads Fig. 9 The tarantula IHM 3JBH quasi-atomic model shown flexibly fitted to 3D reconstruction (in gray) of frozen-hydrated relaxed tarantula thick filament (EMD-1950) (Alamo et al. 2008) . The model is made by a free (FH, blue) and blocked (BH, green) heads, seen from its back in (b) and is established by five intramolecular interactions: two priming interactions Bf^and Bg^between the blocked head and the S2 (BH-S2 precursor) and three stabilizing interactions Ba^, Bd^and Beb etween the free head and the blocked head and S2, that keep the IHM stable. The four helices of IHMs above the backbone surface (Figs. 6a, 7a , 9d) are established by five inter-molecular interactions: the heads along each helix are connected by two inter-chaining intermolecular interactions Bb^and Bc^established between the free head motor domain (MD) and the RLC and ELC of the neighboring blocked head regulatory domain shown in (c) and maintained above the backbone surface by three anchoring intermolecular interactions: Bh^with the neighboring S2 shown in (b-d), and Bi^and Bj^with a neighbor Bsubfilament^shown on the 90°rotated view in (d). For clarity, in (c), the surface of the 3D map corresponding to the IHM in the center is highlighted in yellow, and the S2 of the model of the two IHMs on the left has been extended as coiled-coil α-helices (pink). Since the backbone structure of tarantula thick filament is not known, the two neighboring Bsubfilaments^tails are depicted in (d) as cylinders with~2.2 nm diameters. In (d), it is shown that the model of the IHMs is present only in the slice between the two blue dotted lines in (a), causing the neighboring Bh^interaction to be far and the Bi^and Bj^to be closer to the reader. In relaxed state, the S2 of the IHM emerges from the bare zone (top) with a slight angle of 6°(d), causing the helix of IHMs to Bfloat^, separated from the backbone surface by~2 nm. The blocked head is the only part of the IHM that is in contact with the backbone and is covalently connected to it via the S2 and electrostatically connected by the three Banchoring^intermolecular interactions: Bh^(blocked head SH3 domain) with the extended S2 of an adjacent tail and Bi^(blocked head relay/converter) and Bj^(blocked head ELC) with the neighboring S2. The MHCII in 3JBH shows six surface loops (2, H, CM, 3, C, and I) that are involved in the interactions. Also, the ELC in the 3JBH model shows the extra two amino acids that are missing in the chicken ELC sequence. Bar 5 nm. (a-d) Reproduced with permission from Alamo et al. (2016) and the Journal of Molecular Biology (Alamo et al. 2008 (Alamo et al. , 2016 Brito et al. 2011; Sulbarán et al. 2013; Espinoza-Fonseca et al. 2015; Yamaguchi et al. 2016; reviewed by (Vandenboom 2017) .
Cooperative phosphorylation activation (CPA) mechanism The release of extra free and blocked heads upon activation for force potentiation (Fig. 7d) (Brito et al. 2011 ) suggested a cooperative phosphorylation mechanism for activation of tarantula thick filaments (Sulbarán et al. 2013) extended by further work (Espinoza-Fonseca et al. 2007 , 2008 Kast et al. 2010; Alamo et al. 2015 Alamo et al. , 2016 Yamaguchi et al. 2016) . The CPA mechanism is shown in Fig. 10c -g: On activation, a sudden brief increase on [Ca 2+ ] (Fig. 10 blue box) switch-on tarantula thin filaments after Ca 2+ binding to troponin C (Craig and Lehman 2001) . Released swaying free heads (Bswinging^heads) could make crossbridges with actin on switched-on thin filaments generating powerstroke force in single twitches and twitch summation (Brito et al. 2011) . If [Ca 2+ ] suddenly decreases, actin-bound swaying (Zoghbi et al. 2004; Llinas et al. 2015) can establish the two required priming intramolecular interactions docking them onto their own S2 as Bblocked^heads (BBH-S2 precursor^, light green) and to a neighbor myosin tail (pink cylinder) on the backbone by anchoring intermolecular interactions (Alamo et al. 2016) . The other partner (Bfree^) head, also in pre-powerstroke state, remains disordered without making interactions with the docked blocked head as needed for establishing an IHM. c Precursor IHMs become fully functional in relaxed state (yellow box) after Ser35 of disordered free head (blue) becomes mono-phosphorylated (yellow circle) by a temporarily activated PKC which can only phosphorylate the fully exposed Ser35 of free heads, since blocked heads Ser35 (green) are not accessible (Alamo et al. 2008; Brito et al. 2011; Sulbarán et al. 2013) . To fully assemble a functional IHM, each partner free head should establish three intramolecular stabilizing interactions and one regulating RLC-RLC intramolecular interaction with its partner docked blocked head (Alamo et al. 2016) . The constitutive Ser35 monophosphorylation (Brito et al. 2011; Sulbarán et al. 2013 ) cannot be dephosphorylated (Brito et al. 2011; Sulbarán et al. 2013) . Free heads Ser35 mono-phosphorylation promotes their swaying away and back by Brownian motion (Bswaying^heads; Fig. 7b ) by breaking and reforming the intramolecular stabilizing interactions (dotted curved arrows, B±^in table) (Brito et al. 2011) . d-g The CPA mechanism supports the recruiting of heads for controlled force production during brief (red box) and long Ca 2+ exposures on unfused or fused tetani (Brito et al. 2011; Sulbarán et al. 2013; Espinoza-Fonseca et al. 2015; Alamo et al. 2015 Alamo et al. , 2016 as explained in the text (cf. Fig. 11c, d) . The very slow, slow, fast and very fast tarantula ATP turnover life times are labeled with VS, S, F and VF on each head. The mechanism explains the structural origin of these life times according to each head type. The table shows how priming intramolecular and stabilizing intermolecular interactions are sequentially established in relaxation (c), being progressively removed (crossed out) on activation (c-f), ending in a disordered array (f) with fewer interactions. Conversely, it also shows how interactions are reformed from (f) to a newly achieved ordered array (c) after lowering [Ca 2+ ] and MLCP dephophorylate Ser45 of bi-phosphorylated and monophosphorylated RLCs. Modified from (Alamo et al. 2016) heads are released and relaxation is regained (Fig. 10c) . When [Ca 2+ ] remains high long enough Fig. 10 (red box), calmodulin (CaM) binds to it creating a complex Ca 4 .CaM.MLCK is capable of phosphorylating only the exposed free head Ser45 (Fig. 10 red  triangle) . This phosphorylation promotes the RLC NTEs (Fig. 10 blue NTE) extension and rigidity releasing this free head (Fig. 10e) since it is unable to dock back to its partner blocked head to make the RLC-RLC regulating intramolecular interaction ) . This free head releasing allows then the access of Ca 2+ 4 .CaM.MLCK to cooperatively monophosphorylate next blocked head Ser45 on the helix of heads, making it to sway away (Fig. 10f, top IHM) . This double phosphorylation mechanism enables tarantula striated muscle to respond to activation during contraction explaining force potentiation and post-tetanic potentiation phenomenon (Fig. 7d5) (Brito et al. 2011) . O 18 mass spectrometry results showed that activation does not produce de novo Ser35 phosphorylation (Biasutto et al., in preparation) suggesting that the number of Ser35 monophosphorylated heads remains constant on activation supporting the CPA mechanism and confirming that it is controlled only by Ser45 phosphorylation.
Relationship between the invertebrate CPA mechanism and the vertebrate mechanosensing force generation controlling mechanism Recent studies describe a thick filament mechanosensing regulatory mechanism in vertebrate skeletal and cardiac muscle where stress in the thick filament recruits additional force-producing heads augmenting the number of myosin motors available to interact with actin-containing thin filaments (Linari et al. 2015; Fusi et al. 2016; Reconditi et al. 2017) . These additional recruited heads switch off quickly not producing a time potentiation as does the RLC phosphorylation. Further work will be needed to show if the mechanosensing mechanism is also present in tarantula striated muscle Swaying-swinging, tilting crossbridge-sliding filament mechanism (cf. (Huxley 1969 (Huxley , 2004b ). The number of recruited heads producing force in the tarantula striated muscle half-sarcomere under contraction according to the CPA mechanism ( Fig. 10 ) depends on the time [Ca 2+ ] is below the threshold, as in the relaxed state (a), or above it, as in activated state (b-d). In relaxed state (a) about half of the total number of heads (free heads) could be released swaying heads while about the other half are docked swaying heads and docked blocked heads ( Fig. 7d and 10) . The released swaying heads move out with a swaying duty cycle D s = 0.6 (i.e. they are released 60% of cycle time, see text) (Fig. 7b) . As thin filaments are not Ca 2+ -activated (Fig. 7c1 ) these heads cannot bind actin neither produce force. When [Ca 2+ ] is high thin filaments become activated (b-d, Fig. 7 c2) (Padrón 2007) (which lacks MyBP-C and titin) and additional unphosphorylated RLC heads are recruited beside the potentiating RLC Ser45 phosphorylated heads according to the CPA mechanism (Duno et al. in preparation).
Super-relaxation (SRX)
The pioneering work of Cooke and coworkers proposed a new myosin state, that they called super-relaxed state (SRX) which exhibits a slow ATP turnover rate as a mechanism in thermogenesis in resting skeletal (Stewart et al. 2010; Cooke 2011; McNamara et al. 2015) . In tarantula muscle, there is an additional very slow ATP turnover rate (Naber et al. 2011; Wilson et al. 2014) . The structural origin of the lifetimes detected in tarantula muscle (very slow: >1800 s, slow: 250-300 s, fast: < 30 s and very fast: < 0.1 s) is explained by the CPA mechanism (Fig. 10) as shown by (Alamo et al. 2016) considering the different head types: (1) the very slow life time is associated to the un-phosphorylated blocked heads (exhibiting SRX), whose ATP activity is sterically Bblocked^since its actin-binding interface is positioned in the IHM onto the converter domain of the free head; (2) in contrast, in the released swaying free heads, this converter domain stabilization is removed enabling the recovery of its ATPase activity and showing a slow ATP turnover life time. In consequence, the docked and immobile blocked heads as well as the swaying free heads exhibit these two slow lifetimes detected in relaxed state; and (3) the fast and very fast ATP turnover life times are associated to permanently mobile biphosphorylated free heads and swaying free and blocked heads which can bind to actin on the activated thin filament.
The CPA mechanism allows quantifying the swaying free head duty cycle and the SRX/DRX energetics ratio:
Swaying free head duty cycle: According to the CPA mechanism for skeletal muscle, the blocked head remains docked while the free head sway away for a time t s being docked only for a time t d . Therefore, for a total time t = t s + t d , the swaying duty cycle D s can be defined as D s = t s /t. D s and can be estimated in relaxed muscles from measurements of RLC orientation using fluorescence polarization from bifunctional rhodamine probes bound to RLC . In relaxed rabbit psoas muscle, 70% of all heads are parallel to the fiber axis, whilẽ 30% of all heads are perpendicular , implying that the head population comprises 50% blocked heads (all parallel), 20% docked free heads (parallel) and 30% swaying free heads (perpendicular). It has been suggested that D s depends on muscle type and that D s = 2/(1 + R) where R = N par /N per is the ratio of the number of heads detected in parallel (N par ) and perpendicular (N per ) conformations (Alamo et al. 2017b) . Therefore, in skeletal muscle, R = 0.70/ 0.3 = 2.3 so D s = 0.60, i.e. the heads spend 60% of their time swaying away and 40% docked to the blocked head. SRX/DRX energetics ratio: It has been suggested that the estimated ratio of heads in the SRX and the disordered relaxed (DRX, Fig. 7b ) states is ε = SRX/DRX = (2-D s )/ D s and that it depends on muscle type (Alamo et al. 2017b) . Therefore, as D s = 0.6 in skeletal muscle is ε = 2.3, it is possible to predict an estimated 2.3-fold reduction of ATP hydrolysis. As skeletal muscle heads rapidly transition out of SRX into DRX (such as occurs with tetanic activation; Hooijman et al. 2011; Brito et al. 2011) , the changing population of myosin SRX and DRX heads in skeletal muscle-as predicted by the CPA mechanism-yields energy-saving imposed by the IHM structure retaining the ability to rapidly shift myosin into DRX for force potentiation.
In relaxed state, free heads are ready to interact with thin filaments when activated while blocked heads are not.
Studies on tarantula thick filament activation have shown that, in the relaxed sarcomere, up to half of the heads (the detached swaying free heads) present in the thick filament are conformationally ready and properly located to quickly interact with the thin filament as soon as they are activated by a sudden Ca 2+ increase. On the other hand, slightly more than half of the heads (docked swaying heads and docked blocked heads) are not. After being phosphorylated by MLCK, these heads are recruited to interact with the activated thin filament (Fig. 7 d, 10) (Brito et al. 2011 ). These two different heads populations have functional consequences on the sarcomere relaxation and contraction (Fig. 11) as well as important implications on the effect of mutations associated with HCM due to the involvement of these extra recruited blocked heads on the hypercontractility caused by HCM (Alamo et al. 2017b) .
Swaying-swinging, tilting crossbridge-sliding filament mechanism (cf. Huxley 1969 Huxley , 2004b . As shown in Fig. 11a , according to the CPA mechanism in relaxed state about half of the total number of heads (free heads) could be released swaying heads while about half of the total number heads are transiently docked free swaying heads and docked blocked heads (Fig. 7b, 10 ). When [Ca 2+ ] briefly increases, the detached swaying heads can interact with the activated thin filament producing force (Fig. 11b) . When [Ca 2+ ] remains high for a longer time, the MLCK becomes activated by Ca 2+ , recruiting additional Ser45 mono-phosphorylated blocked heads resulting in force potentiation (Fig. 11c) until most blocked heads are recruited on tetanus-producing maximal force (Fig. 11d) . A sudden decrease of [Ca 2+ ] below the threshold will stop force production and relax the sarcomere such that, if [Ca 2+ ] is suddenly increased, it will produce a force bigger that the initial one, i.e. post-tetanic potentiation. If [Ca 2+ ] remains below the threshold long enough such that the endogenous MLCP dephosphorylate the Ser45, a new induced twitch will produce the same force as originally.
Conclusions
(1) The two myosin heads assemble asymmetrically on an IHM by intramolecular interactions. In filaments, intermolecular interactions with neighbor myosin tails and adjacent IHMs promotes the generation of 3, 4 or 7 head helices on striated muscle, supporting our structural model for its regulation and activation. Future studies on crystallography and cryo-EM would allow solving the HMM near-atomic structure. (2) The IHM structure endorses additional functions-not seen in single heads-as self-inhibition of both heads ATPases and super-relaxation, free head swaying force on twitches, blocked head force potentiation on tetani and post-tetanic potentiation through a cooperative phosphorylation activation mechanism. Based on this mechanism, we propose a swaying-swinging, tilting crossbridge-sliding filament for tarantula muscle contraction.
